The non-structural protein Nsp10 of coronaviruses is a small cleavage product of the viral replicase polyprotein that has been implicated in RNA synthesis. Nsp10 of mouse hepatitis virus (MHV) displays an apparent molecular mass of 13-16 kDa in reducing SDS-PAGE and analytical gel filtration, while dynamic light scattering suggests the existence of oligomeric forms. Atomic absorption spectroscopy reveals two metal ions per Nsp10 monomer, with a preference for Zn 2+ over Fe 2+/3+ and Co 2+ . These are probably bound by two Zn-finger-like motifs. Moreover, MHV Nsp10 interacts with tRNA, single-stranded RNA, double-stranded DNA and, to a lesser extent, singlestranded DNA as shown by gel-shift experiments. The K d for tRNA is 2.1 ± 0.2 lM.
Introduction
Murine hepatitis virus (MHV) is a positive-strand RNA virus of the family Coronaviridae that possess genomes of approx. 31 300 nucleotides. MHV has been taxonomically assigned to coronavirus group 2 and is thus a phylogenic neighbour of SARS coronavirus [1] , the etiological agent of severe acute respiratory syndrome (see, e.g., [2] for review). Depending on the strain, MHV can cause hepatitis, encephalitis and demyelinating encephalomyelitis in susceptible rodents [3] and the virus has been used as a model system for infection of the central nervous system (CNS) [4] and virus-induced autoimmune reactions in the CNS [5] . Coronavirus genomes contain up to 15 open reading frames encoding both structural and non-structural proteins [6, 7] . From the largest open read-ing frames, 1a and 1b, two polyproteins are translated, pp1a ($500 kDa) and pp1ab ($800 kDa), the latter originating from a (À1)-ribosomal frameshift occurring in the short overlap region of orf 1a and orf 1b. The two MHV polyproteins are cleaved into 16 non-structural proteins [8] by two papain-like proteinases, PL1 pro and PL2 pro , which are part of Nsp3 [9] , and by the main proteinase (M pro , Nsp5), which is frequently also called 3C-like proteinase (3CL pro ) [10, 11] . Most or all of the 16 non-structural proteins are proposed to be part of the replicase-transcriptase complex, probably mediating all functions necessary for polyprotein processing, viral transcription, and replication [6] . After translation and processing, MHV non-structural proteins form replication complexes that are thought to be associated with multilayered membrane structures [12] or double-membrane vesicles [13] . Most MHV replicase subunits were found to co-localize in discrete foci in the perinuclear region of the infected cell [12] [13] [14] [15] . Dual-labelling studies demonstrated co-localization of, e.g. Nsp8 with the helicase (Nsp13), the nucleocapsid protein, the main proteinase (Nsp5), Nsp7, 9, and 10 [15] . Moreover, Nsp1 specifically binds to Nsp7 and Nsp10 as shown by yeast-two-hybrid and co-immunoprecipitation experiments [16] . These examples of interactions between coronavirus Nsps are likely to be the tip of an iceberg of protein-protein interactions that drive the formation of the replication-transcription complex and, probably, are critical to its function. In temperature-sensitive mutants of MHV-A59 [7] , mutations assigned to Nsp4, 5, 10, 12, 14, and 16 are responsible for a variety of defects in RNA synthesis. Therefore, these proteins are assumed to be essential components of the replicase-transcriptase and to fulfil distinct functions in negative-and/or positive-strand RNA synthesis.
In this communication, we describe the biochemical characterization of MHV Nsp10. The avian infectious bronchitis virus (IBV) Nsp10 homolog was reported to be membraneassociated in one report [17] , while another [18] predicted ''growth-factor-like'' properties on the basis of the presence of a cysteine-rich motif near the C-terminus of the protein.
Although the cysteines were substituted by alanines in mutagenesis experiments [17] , the residues involved in dimerization could not be assigned unambiguously. Interestingly, a temperature-sensitive MHV Nsp10 mutant, in which the highly conserved Gln65 was substituted by Glu, appeared to be defective in continuing negative-strand RNA synthesis [7] .
Abbreviations: CNS, central nervous system; IPTG, isopropyl-bthiogalactoside; Ni-NTA, nickel nitrilotriacetic acid; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TY, tryptone-yeast Here we show MHV Nsp10 to bind zinc ions with preference over ferric/ferrous iron and cobalt ions. Based on these results, two C-terminal cysteine-rich motifs are proposed to constitute zinc fingers coordinating the metal ions. Moreover, Nsp10 is shown to bind nucleic acids as demonstrated by native agarose and zone-interference gel electrophoresis (ZIGE).
Materials and methods

Virus, plasmid and cells
The genome of a recombinant vaccinia virus (vMHV-inf-1) carrying a full-length cDNA copy of the MHV-A59 genome [19] was used as template to PCR-amplify the Nsp10-coding sequence using the following primers: GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-GAAGGAGATGCCACCATGAAACATCACCATCACCATCACgc gggtacggcaactgagtatgcc (forward) and GGGGACACTTTGTAC-AAGAAAGCTGGGTCTTATTActgaaactgggagcctgtgcctac (reverse). The forward primer also coded for an N-terminal His 6 -tag without additional spacer residues between the tag and the authentic protein.
The resulting PCR product was cloned via the Gateway Ò system into a pDEST14 expression vector (Invitrogen). After transformation of the plasmid into Escherichia coli C43 (DE3) cells (Avidis), expression was performed for 24 h at 25°C. Cells were grown on 4· tryptone-yeast (TY) supplemented either with 0.5 mM ZnCl 2 (yielding Nsp10 + Zn), 1 mM CoCl 2 (Nsp10 + Co), 0.5 mM FeSO 4 (stabilized by ascorbate; Nsp10 + Fe), or no additional metal ions (Nsp10-Me) before induction with 0.5 mM isopropyl-b-thiogalactoside (IPTG).
Protein purification
The cells were resuspended in lysis buffer (50 mM Tris-HCl, 300 mM NaCl, 25 mM imidazole, 0.25 mg/ml lysozyme, pH 8.0) and disrupted by French Press. After ultracentrifugation at 160 000 · g (60 min, 4°C), the supernatant was applied onto a nickel nitrilotriacetic acid (Ni-NTA) affinity column (GE HealthCare). Nsp10 was eluted using a gradient from 10 to 500 mM imidazole. Fractions containing Nsp10 were pooled and concentrated with an Amicon ultrafiltration stirring cell using a YM membrane (3 kDa cut-off; Millipore). The protein was further purified by gel filtration (Superdex 200 16/60, GE HealthCare) in 10 mM Tris-HCl, 100 mM NaCl, pH 7.5. All protein samples used in the experiments described below contained this buffer. Before storage at 4°C, 20 mM glutathione was added to protein fractions that had been produced without additional metal ions, in order to increase Nsp10 solubility. Protein fractions were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Blots were probed with anti-tetrahistidine antibodies (Dianova) and anti-mouse IgG-alkaline phosphatase conjugate (Sigma). Nitro tetrazolium salt and 5-bromo-4-chloro-3-indolylphosphate were added as substrates for colour detection. The protein concentration was determined by the method outlined in [20] .
Analytical size-exclusion chromatography
The apparent molecular mass of the Nsp10 protein derived from Znsupplemented cultures (Nsp10 + Zn) was determined by an analytical BioSep-SEC-S 3000 column (Phenomenex) connected to an HPLC DuoFlow (BioRad). The column was calibrated in 20 mM Tris-HCl, 200 mM NaCl, pH 7.0, using the following standard proteins: cytochrome c (12.5 kDa), chymotrypsinogen (25.0 kDa), ovalbumin (42.75 kDa), bovine serum albumin (66.41 kDa), glucose oxidase (160 kDa), and thyroglobulin (670 kDa). The Nsp10 + Zn solution had a concentration of 10 mg/ml. The sample volume was 25 ll.
Dynamic light scattering
Dynamic light scattering (DLS) was performed using a Laser-Spectroscatter 201 (RiNA GmbH). Before measurement, samples were centrifuged for 1 h at 4°C and 17 900 · g. 20 ll-samples were applied to quartz cuvettes with a light path of 10 and 1.5 mm-width of the light-accessible window (Hellma). In experiments with samples containing oligonucleotides, the latter were added as a nearly equimolar aqueous solution (see Fig. 4 for details).
Atom-absorption spectroscopy
Amounts of the elements zinc, cobalt and iron were measured in purified Nsp10 samples using a polarized Zeeman Atom Absorption Spectrometer 180-80 with an uncoated tube cuvette (Hitachi). A dilution series was used for standard measurements with stock solutions of Zn(NO 3 ) 2 , Fe(NO 3 ) 3 , and Co(NO 3 ) 2 . The concentrations of the standard solutions ranged from 0 to 1 lM for zinc and from 0 to 10 lM for cobalt and iron.
2.6. Native agarose gel electrophoresis and zone-interference gel electrophoresis Native gels were run in 20 mM MES, 50 mM NaCl, 3.5 mM MgCl 2 , pH 6.0, in horizontal 1% (w/v) agarose gels with 50 V/200 mA for 2 h at 4°C. The protein concentration in the samples was 10 lM. Nsp10 samples were incubated for 10 min at room temperature with 10 lM tRNA, 10 lM single-stranded DNA (28 mer), 50 lM double-stranded DNA (28 mer), or 20 lM single-stranded RNA (20 mer). The ZIGE device was adapted from [21] . The sample application comb for protein and nucleic acids had to be modified according to Fig. 1 , because Nsp10 and nucleic acids migrate in opposite directions at pH 6.0. The agarose was dissolved in running buffer (20 mM MES, 50 mM NaCl, 3.5 mM MgCl 2 , pH 6.0). Electrophoresis was performed at 4°C. The protein samples were mixed with dimethylsulfoxide (DMSO) with a final concentration of 10% (v/v) and a trace of bromophenolblue (BPB) dye. 10 ll-sample volumes with protein concentrations of 40 lM were applied to the small slots. The electrophoresis was started with a constant current of 200 mA for 30 min. Afterwards, tRNA was mixed with DMSO and BPB as well and applied to the long slots of the gel. The final concentrations were 0, 2, 4, 8, 16, 32, and 64 lM deacetylated E. coli tRNA in a sample volume of 100 ll. The run was continued for 90 min under the same conditions as before. The staining procedure was performed as outlined in [21] . The gels were scanned to facilitate the measurement of the d exp -and d M -values (see Fig. 1 for definition) for the calculation of K d -values. By plotting (d exp À d M )/[tRNA] against d exp , K d can be derived according to
The slope of the resulting linear function gives À1/K d .
Results
Expression and purification of MHV-A59 Nsp10
The yield of Nsp10 after expression in E. coli C43 (DE3) cells was about 25 mg/L culture. The presence of an N-terminal hexahistidine tag allowed efficient purification by Ni-NTA agarose affinity chromatography. After subsequent size-exclusion chromatography, a relatively pure protein preparation was obtained that exhibited an apparent molecular mass of $16 kDa in denaturing and reducing SDS-PAGE ( Fig. 2A ). This value agreed well with the molecular mass deduced from the amino-acid sequence (15.4 kDa). Owing to the hexahistidine tag, the Nsp10 could be readily detected in immunoblots using an anti-tetrahistidine antibody (Fig. 2B ). In the non-reducing SDS-PAGE, a faint band, possibly corresponding to a dimeric form, was detected in addition to the main band (not shown). Remarkably, Nsp10 preparations obtained from cultures that had been supplemented with either cobalt (Nsp10 + Co) or iron ions (Nsp10 + Fe), were coloured blue and light red, respectively, during gel filtration. The colour remained after ultrafiltration, while the flow-through was colourless. Apparently, the Nsp10 protein had bound these metal ions tightly.
Oligomerization state of Nsp10
Upon gel filtration, Nsp10 obtained from Zn-supplemented cultures (Nsp10 + Zn) eluted as a single peak corresponding to a molecular mass of 13.6 kDa, suggesting a monomeric state of the protein under these conditions (Fig. 3B) . In contrast, dynamic light scattering of Nsp10 revealed several different states of oligomerization, depending on the conditions applied ( Fig. 4 ). In the absence of metal ion supplements, but with 20 mM glutathione present, the protein solution (2.8 mg/ml) showed a monodisperse peak at a Stokes radius of 9 nm (Fig. 4A ). Assuming the corresponding Nsp10 oligomer to be spherical, a molecular mass of around 600 kDa, corresponding to higher-order aggregates, can be calculated from this. Nsp10 + Zn, Nsp10 + Co, and Nsp10 + Fe samples tended to be polydisperse (Figs. 4B-D) and the intensity of the peaks decreased. The following main peaks were observed in these samples: Nsp10 + Zn at 3.9 and 38 nm (corresponding to an 80 kDa and to a very large aggregate, respectively); Nsp10 + Co at 6 nm (223 kDa), and Nsp10 + Fe at 2.4 nm (24.2 kDa). The cobalt-supplemented protein displayed the most polydisperse distribution among these DLS measurements. Interestingly, when double-stranded oligodeoxynucleotides were added to the Nsp10 + Zn solution, all indications of an oligomeric association state vanished and a clear, monodisperse signal at a Stokes radius of 2.0 nm, corresponding to a 16.3 kDa Nsp10 monomer, was observed ( Fig. 4E) . When a single-stranded oligodeoxynucleotide was added, a more polydisperse pattern with a main peak at a Stokes radius of 2.2 nm resulted (Fig. 4F ).
Binding of metal ions
Amounts of metal ions bound to Nsp10 were measured using atomic absorption spectrometry. MHV Nsp10 was found to be a metalloprotein that favours zinc-ion binding over ferrous/ferric ion and Co 2+ ( Fig. 4 . Dynamic light scattering of differently treated MHV Nsp10 samples. The metal ion added during growth of the bacteria is indicated. In image (A), no metal salt was added to the culture, but 20 mM glutathione was added to the sample after purification. The abscissa shows the particle radius, the ordinate the number of measurements. compared to Co 2+ or Fe 2+/3+ , even though the cells were grown in the presence of very high concentrations of the latter. Presumably, the zinc ions originated from the 4· TY medium that was used in growing the cells. The lowest total metal ion content was displayed by Nsp + Fe samples (Table 1) . Nevertheless, also in the Zn 2+ -supplemented sample (Nsp10 + Zn), about 12% of the total metal ion content was contributed by ferrous/ferric ions. In the Nsp10 + Zn and the Nsp10 + Fe samples, there was almost the same amount of iron bound, clearly indicating the preference of Nsp10 for Zn 2+ over Fe 2+/3+ . Only minor amounts of Co 2+ were detected in Nsp10 + Zn and Nsp10 + Fe samples, suggesting that among the three metal ions tested, Co 2+ has the lowest binding affinity to Nsp10.
Native agarose and zone-interference gel electrophoresis
In native agarose gel electrophoresis, MHV-A59 Nsp10 + Zn, Nsp10 + Fe, and Nsp10 + Co migrated to the cathode at pH 6 due to their positive charge ( Fig. 5 ; the calculated pI is 7.2). After incubating Nsp10 with tRNA, double-stranded DNA, or single-stranded RNA, the protein was detected at the anodic side of the application slots (Fig. 5A, lanes 5-7,  Fig. 5C, lanes 2, 3, 5, 6, 8, and 9) . Thus, the nucleic acids apparently bound to the protein, resulting in negatively charged complexes migrating to the anode. Remarkably, Nsp10 + Co displayed reduced nucleic-acid binding properties compared to proteins produced in the presence of the other two metal ions. ZIGE displayed a pronounced shift of Nsp10 migration in the presence of increasing tRNA concentrations (Fig. 6A ). The protein pattern clearly showed that Nsp10 + Zn binding to the negatively charged tRNA increased the electrophoretic mobility towards the anode. The K d value for the Nsp10 + Zn/tRNA complex was determined as 2.1 ± 0.2 lM (Fig. 6B ).
Discussion
We have shown in this study that Nsp10 of mouse hepatitis virus binds nucleic acids and metal ions, with a clear preference for zinc over iron and cobalt. The observed stoichiometry is $2 Zn 2+ per Nsp10 monomer. Even when cobalt or iron are added in excess to the expression medium, most of the bound metal is zinc, suggesting that zinc ions bind to Nsp10 under physiological conditions of expression in infected cells. A sequence alignment of coronaviral Nsp10 proteins shows that nine of the ten cysteine residues of MHV Nsp10 are strictly conserved in all three coronavirus groups (Fig. 7) . Within its C-terminal half, the motif C74-X 2 -C77-X 5 -H83-X 6 -C90 is found, which could constitute a classical zinc finger of the CCHC type. Residue His83 of this motif is also absolutely conserved throughout the coronaviruses. This motif is followed by a second potential zinc finger displaying the sequence C116-X 2 -C119-X 7 -C127-X-C129, which would belong to the CCCC type. The presence of more than one zinc finger is quite common in transcription factors. However, we cannot exclude that the conserved Cys residues 17 and 41 of the N-terminal part of Nsp10 may also be involved in complexation of Zn 2+ , even though they do not match with one of the canonical zinc binding motifs. Cys45 is the only cysteine residue in MHV Nsp10 that is not conserved throughout the Coronaviridae, and is therefore unlikely to be involved in metal ion binding. The presumable Zn-fingers of Nsp10 may function in binding double-stranded RNA. Interestingly, this would make Nsp10 the fourth member of an array of small RNA-binding proteins encoded by the 3 0 -part of coronavirus replicase orf 1a. Recent structural and biochemical studies showed that also Nsp9 [22, 23] (R. Ponnusamy, JRM, RM, and RH, unpublished) and a hexadecameric complex formed by Nsp7 and Nsp8 [24] have RNA-binding properties. These proteins were postulated to be accessory factors for the RdRp complex, a Fig. 7 . Sequence alignment of Nsp10 proteins of coronavirus groups 1, 2, and 3. Sequences were derived from genome sequences of: (1) murine hepatitis virus strain A59 (group 2a; GenBank Accession No. AY597011), (2) human coronavirus HKU1 (group 2a, AY597011), (3) human coronavirus strain OC43 (group 2a, AY39177), (4) transmissible gastroenteritis virus (group 1, AJ271965), (5) SARS coronavirus (group 2b, AY274119), (6) human coronavirus strain NL63 (group 1, AY567487), (7) human coronavirus strain 229E (group 1, AF304460), and (8) infectious bronchitis virus (group 3, M95169). The percentage of sequence identity in comparison to MHV-A59 Nsp10 is indicated. Absolutely conserved residues are marked with a (+), conserved residues are marked with ($), and non-conserved residues are marked with (À). The boxes highlight absolutely conserved cysteine residues.
role that would also be in line with the phenotype of the MHV Nsp10 temperature-sensitive mutant (Gln65 fi Glu) recently characterized by Sawicki and colleagues [7] .
We have shown here that MHV Nsp10 indeed binds to tRNA and double-stranded oligodeoxynucleotides, and that the K d for tRNA is $2 lM. We also showed that binding of Nsp10 to double-stranded DNA leads to dissociation of Nsp10 oligomers, as evident from dynamic light scattering. Zinc fingers are known to be occasionally involved in protein-protein interactions. Therefore, nucleic-acid binding to the presumable zinc fingers of Nsp10 could compete with oligomerization of the protein through these structural features, although we cannot exclude that this could also be due to other interactions. This investigation into the biochemical properties of MHV Nsp10 will add to the functional and structural studies that are currently underway.
